Phytochrome C (phyC) is a low-abundance member of the five-membered phytochrome family of photoreceptors in
Introduction
The phytochromes are the most extensively characterized of the plant signal-transducing photoreceptors. They mediate a wide range of biochemical, physiological and developmental responses to red (R) and far-red (FR) light throughout the life of the organism Furuya, 1993; Kendrick and Kronenberg, 1994; Quail, 1991 Quail, , 1994 Quail etal., 1995; Smith, 1994; Vierstra, 1993) . The photoreceptor chromoprotein consists of an apoprotein and a covalently attached linear tetrapyrrole chromophore Received 27 March 1997; revised 15 August 1997; accepted 22 August 1997. *For correspondence (fax +1 510 559 5678; e-mail quail@mendel.berkeley.edu). (Lagarias, 1985) . The phytochrome molecule exists in two spectrally distinct conformations: a R-absorbing form (Pr, ~,max = 666 nm) and a FR-absorbing form (Pfr, Zmax = 730 nm). In the dark, the molecule is synthesized in its inactive Pr form. Irradiation with light converts the Pr form to the active Pfr form, which can be reverted to the Pr form with subsequent FR light irradiation. The existence of two reversibly interconvertible forms of the phytochromes enables a plant to sense not only the onset of light but also the fluence rate and ratio of R to FR light in various light environments and to alter its growth and development accordingly.
The phytochromes are encoded by a family of divergent yet structurally related genes. In Arabidopsis, five genes, PHYA to PHYE, have been identified, and their cDNAs sequenced (Clack etaL, 1994; Sharrock and Quail, 1989) . The PHYA gene encodes phytochrome A (phyA), the wellcharacterized, light-labile phytochrome species that is expressed at high levels in etiolated seedlings and is downregulated in light-grown plants. PHYB and PHYC genes encode phytochromes B (phyB) and C (phyC), respectively, which are of low abundance and are at comparable levels both in darkness and light (Somers etaL, 1991; Wagner et al., 1991) . Recently, it has been shown that the transcription of PHYD and PHYE genes is not regulated by light but the stability of the proteins in light remains to be determined (Clack etaL, 1994) .
The recognition that plants possess multiple, divergent phytochromes has led to the proposal that individual members of the phytochrome family may have discrete photosensory and/or physiological functions in plant development (Quail, 1994; Smith, 1994) . Accumulating evidence indicates that this indeed is the case. Two approaches have been used to evaluate the photosensory functions of individual phytochromes. One is the analysis of mutants that are deficient for specific phytochromes (Koornneef and Kendrick, 1994) and the other is the analysis of transgenic plants that overexpress individual phytochrome molecules Quail, 1989, 1991; Keller et aL, 1989; McCormac et aL, 1991 McCormac et aL, , 1992 McCormac et aL, , 1993a Nagatani et aL, 1991; Wagner et al., 1991) . Whereas Arabidopsis phyB-deficient phyB-I mutants (formerly hy3) show pleiotropic effects on plant development, such as an extended hypocotyl in monochromatic Rc light and white light (Wc), lack of growth promotion by end-of-day FR (EOD FR) treatments, attenuated responses to low R:FR ratios, and early flowering, phyA-deficient phyA mutants selectively lack inhibition of hypocotyl elongation only under FRc and exhibit wildtype responsiveness to most other light conditions (Dehesh etal., 1993; Halliday etal., 1994; Koornneef etal., 1980; Nagatani etal., 1993; Parks and Quail, 1993; Reed etal., 1993 Reed etal., , 1994 Robson etal., 1993; Shinomura etaL, 1994; Somers etal., 1991; Whitelam and Smith, 1991; Whitelam etal., 1993) . Transgenic Arabidopsis seedlings overexpressing phyB exhibit enhanced sensitivity to Rc but are unaltered in their responsiveness to FRc. In contrast, transgenic plants overexpressing phyA show enhanced sensitivity to FRc light as well as to Rc light (Boylan and Quail, 1991; Wagner etaL, 1991) . Therefore, phyA seems to be primarily responsible for the FR high-irradiance response (FR-HIR) in etiolated seedlings, phyB, on the other hand, seems to play a major role in the perception of monochromatic Rc, the response to EOD FR, and in the response to low R:FR ratio. Recent molecular and mutational analyses have further delimited N-terminal and C-terminal domains that are important for phyA and phyB activity, as well as for separable photosensory functions and regulatory functions, respectively (Boylan etal., 1994; Cherry etal., 1992 Cherry etal., , 1993 Wagner and Quail, 1995; Wagner etaL, 1996a, b; Xu etal., 1995) . Functions of the other members of the phytochrome gene family, phyC, phyD and phyE, have not been identified.
Despite intensive efforts in several laboratories to search for more photoreceptor-deficient mutants under various light conditions, no mutations have been reported for phytochromes C, D or E. It is possible that these other members of the phytochrome family may function in responding to certain specific light conditions and/or with different modes of action. Alternatively, these other phytochromes may play major roles in stages of plant development other than the seedling stage on which most current mutant screens have focused. Recent studies with phyA and phyB mutants revealed that some physiological responses and regulation of light-inducible gene expression are still retained in plants that are deficient in phyA and phyB, providing evidence of the involvement of other phytochromes in the light regulation of plant development (Halliday etal., 1994; Reed etal., 1994; Robson etal., 1993) .
For example, some responses to low R:FR ratio, known collectively as the shade avoidance syndrome, are still retained in Arabidopsis phyB mutants (Halliday et al., 1994; Robson et al., 1993) . Induction of one of the light-regulated genes, a CAB gene, is found to be greatly attenuated but not completely abolished in the phyA-and phyB-deficient mutants (Reed et al., 1994) , suggesting the involvement of photoreceptors other than phyA and phyB.
phyC is one of the two light-stable phytochromes that have been characterized both molecularly and immunochemically (Sharrock and Quail, 1989; Somers etal., 1991) .
As a first step towards an understanding of the photosensory and physiological functions of phyC, we generated transgenic Arabidopsis plants that overexpress phyC. In this report, we present data from physiological studies of these transgenic plants under various light regimes and discuss the implications of our observations on the photosensory/regulatory functions of phyC.
Results

Generation of transgenic Arabidopsis plants that overexpress phyC
A full-length Arabidopsis phyC cDNA was cloned into a plant transformation vector, pMON316, under the control of the constitutive cauliflower mosaic virus (CaMV) 35S
promoter. The construct was introduced into Arabidopsis plants by Agrobacterium-mediated transformation to create transgenic lines that overexpress phyC. A total of 23 independent homozygous transgenic lines were identified by selection for kanamycin resistance which is encoded by a gene on the pMON316 vector. The phyC level in lightgrown tissues of these transgenic lines was determined by Western blot analysis using phyC-specific monoclonal antibodies. All the transgenic lines had similarly increased phyC levels. Further quantitative analysis showed that the phyC levels in most transgenic lines are approximately three to four times higher than in the No-O wild-type (see Experimental procedures). To minimize the possibility of phenotypic effects resulting indirectly from the T-DNA insertion per se, we chose three transgenic lines, C20B, C12 and C19, hereafter referred to as COX-l, COX-2 and COX-3 (phy_C _overe_xpression), for further analysis. These three lines all have a single transgenic locus as judged from the 3:1 segregation for kanamycin resistance in the T 1 progeny (data not shown).
COX-1 has increased level of phyC but unaltered levels of phytochromes A and B
Different phytochromes have related sequences, with percentage amino acid identity in Arabidopsis ranging from 46% for phyC and phyE to 80% for phyB and phyD (Mathews etal., 1995) . To determine whether the introduced phyC cDNA or the increased phyC level results secondarily in perturbation of the level of two other well-studied phytochromes, namely phyA and phyB, either by co-suppression or by any other mechanism, the levels of phytochromes A, B and C were compared between COX-1 and the No-O parent using monoclonal antibodies that are specific to the individual phytochromes. Figure 1 shows that COX-1 has increased levels of phyC but unaltered levels of phyA and phyB. These results established that the differences between COX-1 and No-O discussed below are primarily due to different levels of phyC, but not phyA or phyB. 
Overexpressed phyC induces enhanced inhibition of hypocotyl elongation under Rc
Previous studies have shown that, whereas the null alleles of PHYA seem to completely eliminate the response to FRc, the null alleles of PHYB still retained some responsiveness to Rc, suggesting possible involvement of other phytochromes (Nagatani et aL, 1993; Parks and Quail, 1993; Reed etaL, 1993; Whitelam etaL, 1993) . Furthermore, although these studies have established that phyA and phyB are necessary for the FR-HIR and R-HIR responses, respectively, it is not known whether they are sufficient for these responses. To test the possible capacity of phyC to mediate either or both of the responses, hypocotyl lengths of three independent COX lines were compared with those of the No-O wild-type under Rc or FRc. darkness. The lack of a difference between COX lines and No-O in FRc is independent of the fluence rate used as shown in Figure 2 (c). These results demonstrate that photoactivation of transgene-encoded phyC is necessary for its observed activity, and that phyC is functionally active in Rc, but not in FRc, under the conditions used in this study.
To verify that the enhanced inhibition of hypocotyl elongation in Rc is due to the overexpressed phyC in these seedlings, we tested whether the short hypocotyl
Hypocotyl length (mm) T2-3 I' 1"1"1"1"1"1"1"1" "1"1"1"1 7 9 11 13 15 17 19 phenotype co-segregates with the PHYC transgene. Since the effect on hypocotyl inhibition was relatively small, no clear segregation of two classes of seedlings with different hypocotyl length was observed in the T1 progeny (the original transgenic plant is designated as TO). It was necessary, therefore, to compare the hypocotyl length distribution of three T 2 families derived from T1 plants that are homozygous, hemizygous, or null for the phyC transgene, designated as T2-1, T2 T2-2 and T2-3, respectively. Figure 3 shows that the distribution of hypocotyl lengths of T2-1 is clearly centered at shorter lengths than that of T2-3, whereas T2-2 shows a wider distribution and overlaps with the other two populations as expected from the segregation of the phyC transgene. These differences are Rc-dependent since the hypocotyls of the three families are very similar in the dark control growth conditions (Figure 3 ). From the T2-2 segregating population, two groups of seedlings were selected: one consists of seedlings with the shortest hypocotyls and the other those with the longest hypocotyls in the population as shown in Figure 3 (c). DNA was extracted from individual seedlings in each group and subjected to PCR analysis for the presence of the PHYC transgene. A representation of this PCR analysis is shown in Figure 3 (d).
The PHYC transgene is present in every seedling with a short hypocotyl but is absent in every one with a long hypocotyl. Figure 3 (e) shows the Western blot analysis of the 4-week-old seedlings pooled for short or long hypocotyls using phyC-specific antibodies. The pool of seedlings with short hypocotyls also has a higher level of phyC than that with long hypocotyls.
Overexpressed phyC induces enhanced primary leaf expansion under Wc
Phytochrome plays a major role in several aspects of seedling development including light-promoted leaf expansion (Robson etaL, 1993) . To test whether phyC may function in promoting leaf expansion, we compared prim- Figure 4 shows that the average size of primary leaves of seedlings from the three COX lines is significantly greater than that from the No-O wild-type in Wc, and that, at least for COX-1, this effect is independent of fluence rate.
The co-segregation of the enhanced leaf area with phyC overexpression was demonstrated by an analysis similar to that described above for hypocotyls. The results are shown in Figure 5 . Figure 5(a)-(c) shows that the distribution of leaf area of T2-1 is clearly centered at greater areas than those of T2-3, whereas T2-2 shows a wider distribution and overlaps with the other two populations as expected from the segregation of the phyC transgene. Again, two populations of seedlings with leaf areas at two extremes from the T2-2 segregating population were subjected to PCR analysis. Results in Figure 5(d) show that the transgene fragment was identified in all individual seedlings with large leaves but was absent in all those with small leaves.
Western blot analysis of pooled seedlings with large or small leaves confirmed that those with large leaves also have a higher level of phyC protein as shown in Figure 5 (e). We attempted to determine whether the enhanced primary leaf expansion is due to enhanced cell division and/or cell expansion by examining the leaf epidermal cells of COX-1 and No-O microscopically. Unfortunately, the relatively small differences of leaf areas between COX-1 and No-O and the large variation of the individual cell sizes precluded us from making any meaningful conclusions (data not shown).
Comparison of seedling responses to overexpressed phyA, phyB and phyC
Individual phytochromes may differ not only in their capacity to sense different spectral signals but also in their capacity to regulate specific physiological responses. The observation that overexpressed phyC induces enhanced primary leaf expansion under Wc as well as hypocotyl inhibition under Rc prompted us to compare overexpressed phyA or phyB with overexpressed phyC for similar effects. We took advantage of transgenic lines that overexpress oat phyA or Arabidopsis phyB (designated AOX and BOX, respectively, in this discussion) reported from previous studies (Boylan and Quail, 1991; Wagner et al., 1991) . AOX and BOX have approximately 4-and 30-fold increases of phyA and phyB, respectively, while COX-1 has only a 4-fold increase of phyC relative to endogenous, wild-type levels. Since endogenous phyA, phyB and phyC in the dark-grown tissues are already at a ratio of 500:10:1 (Somers etal., 1991) , the relative units of overexpressed phyA, phyB and phyC are at a ratio of about 1500:290:3.
To compare the enhanced hypocotyl inhibition by overexpressed phyA, phyB and phyC under Rc, we studied the responses of AOX, BOX, COX-1 and No-O at different fluence rates of Rc. The results shown in Figure 6 indicate that overexpression of phyA, phyB or phyC all enhance hypocotyl inhibition under Rc. The fold of enhancement in AOX or BOX is much greater than that in COX-1. This appears to be due primarilyto the differences in the relative units of overexpressed phytochromes in these three different lines. By contrast, when AOX, BOX, COX-1 and No-O were compared for primary leaf area at different fluence rates of Wc, a strikingly different pattern was observed. Figure 4 shows that whereas COX-1 has a significantly increased leaf area, AOX and BOX have an average leaf area that is indistinguishable from the No-O parent, even though the ratio of transgene-encoded phyA, phyB and phyC expressed in these seedlings is approximately 1500:290:3 as discussed above. Thus, relatively high levels of phyA or phyB overexpression do not seem to have a noticeable effect on primary leaf expansion whereas low levels of phyC overexpression do.
Discussion
phyC is a member of the small phytochrome family in
Arabidopsis. By overexpressing the phyC protein in transgenic Arabidopsis plants, we have shown that phyC can enhance inhibition of hypocotyl elongation under Rc and primary leaf expansion under Wc. These results provide the first biological evidence that phyC is functionally active and therefore has the potential to mediate light-induced responses.
The observation that overexpressed phyC enhances seedling hypocotyl responsiveness to Rc but not FRc indicates that phyC has a photosensory specificity distinct from phyA but similar to phyB. Both phyB and phyC are light-stable phytochromes in contrast to phyA which is phyC overexpression 1169 light-labile (Somerset aL, 1991); however, the mechanism by which this difference in photosensory specificity is achieved is unknown.
Although overexpressed phyA, phyB and phyC presumably perceive the same spectral signals and are all capable of controling hypocotyl cell elongation, they appear to have differing capacities to stimulate primary leaf expansion. Thus, overexpressed phyC enhances leaf expansion relative to wild-type but overexpressed phyA or phyB do not. Because PHYA, PHYB and PHYC transgenes are all driven by the same 35S CaMV promotor, the spatial pattern of expression throughout the plant including the primary leaves is expected to be identical. That incidental position effects might result in different patterns of gene expression among the three lines is unlikely since multiple lines were examined with the same result (Figure4b). Moreover, because transgene-encoded phyA and phyB in the lines used here are expressed at levels approximately 500-and 100-fold that of transgene-encoded phyC, respectively, the difference in responsiveness observed is the converse of that expected if differential expression levels of the three photoreceptors were responsible for the effect. It is possible, however, that under our experimental conditions, namely the fluence rates of Wc used, phyC, but not phyA or phyB, is rate-limiting for primary leaf expansion so that overexpressed phyC, but not overexpressed phyA or phyB, would have an effect, assuming that three are all necessary for the response. This is unlikely, at least for overexpressed phyB, because both BOX and COX-1 lines responded to the increased fluence rates with increased leaf expansion (Figure 4) , demonstrating that the rate-limiting factor is the light signal over the range used, not the photoreceptors. The data therefore indicate that, when expressed in the same cells, phyC has a capacity to stimulate primary leaf expansion distinct from that of phyA or phyB.
We have generated a total of 23 independent transgenic plants. Almost all of them have a similar increase of the phyC level of only 3-to 4-fold. It is significant that the two photoreceptors, phyB and phyC, appear to have similar regulatory capacities in one cell type, the hypocotyl cells, but strikingly different capacities in another cell type, the primary leaf cells. Furthermore, even though phyA mutants display a wild-type phenotype under Rc, phyA and phyB double mutants exhibit less inhibition of hypocotyl elongation under Rc than phyB single mutants (Reed et al., 1994; Smith etal., 1997) . These data suggest that endogenous phyA may also sense Rc, albeit at a much lower efficiency. Taken together, overexpressed phyC enhances primary leaf expansion as well as hypocotyl inhibition whereas overexpressed phyA or phyB only selectively enhances hypocotyl inhibition. To our knowledge, this is the first report that three photoreceptors, when expressed in the same cells, show different capacities in stimulating a specific plant response. These data support the notion that individual phytochromes may have intrinsically different molecular properties that confer on them the capacity to perform discrete photosensory and/or regulatory functions in addition to functions that overlap with other phytochromes depending on the cellular context.
Studies of phyB mutants under low R/FR ratios have revealed that these mutants have reduced leaf area under these conditions compared with that under high R/FR ratios, as is true for wild-type plants (Robson et eL, 1993) .
These data suggest the involvement of a phytochrome (or phytochromes) other than phyB in this particular response. phyC is clearly a candidate for this role. Unfortunately, we
have not yet identified phyC-deficient mutants, nor were antisense experiments successful in reducing endogenous phyC protein levels (unpublished data) as a means of exploring this possibility. Clearly all overexpression studies using the heterologous 35S CaMV promoter to drive transgene expression have the fundamental limitation that not only the levels but also the spatial pattern of expression will potentially be altered relative to the endogenous gene product (ectopic expression). Nevertheless, the observation that primary leaf cells appear sensitized to respond to relatively small changes in absolute phyC levels while being refractory to large absolute changes in phyA or phyB levels, suggest that endogenous phyC may have a significant specialized physiological role in controlling primary leaf expansion. The increased leaf expansion induced by overexpressed phyC could be due to either cell expansion and/or cell division. We were unable to distinguish between these two possibilities due to the large variation in epidermal cell size and the relatively small increase in leaf size.
Overexpression of functionally active phyC in Arabidopsis plants has provided not only some clues about the functions of the endogenous phyC which should facilitate the mutational analysis of this specific member of the phytochrome family, but also a tool for structure-function analysis of this phytochrome molecule. Overexpressed phyA and phyB have already been used successfully in the identification of functional domains of the phytochrome molecules by EMS mutagenesis, deletion mapping, and recently domain-swapping between the molecules (Boylan etal., 1994; Cherry etal., 1992 Cherry etal., , 1993 Wagner and Quail, 1995; Wagner etaL, 1996a, b; Xu etaL, 1995) . These approaches can also be applied to studying structurefunction relationships of phyC and the molecular mechanism of phytochrome function.
Experimental procedures
Assembly of a phyC-encoding transgene
The phyC coding region was subcloned from the original phage vector (Sharrock and Quail, 1989) into pKS(-) plasmids as two separate fragments. An EcoRl-Clal fragment, which includes some leader sequences and the first portion of the coding region, was ligated into an EcoRI-and Clal-digested pKS(-) plasmid to create pCRC. In a separate ligation, a Clal-Xmn fragment (Xmn cuts beyond the translation stop site) was ligated into a Clal-and Xmadigested pKS(-) plasmid to create pCCX. A BamHI-Clal fragment and a ClaI-BamHI fragment were excised from pCRC and pCCX, respectively, and were ligated into a Bgll-digested and dephosphorylated Agrobacterium vector pMON316 (Rogers et al., 1987) to create the plant transformation construct, pMON-C. The correct orientation of the phyC coding region with respect to the 35S promoter was verified by a Sacl digestion which gave two different restriction fragments based on the orientation of the phyC cDNA.
Plant transformation
Transformation of Arabidopsis thaliana (ecotype No-O) plants was identical to the procedure reported previously (Wagner etal., 1991) , except that the co-integrate construct pMON-C was introduced into Agrobacterium tumefaciens by electro-transformation instead of triparental mating.
Plant growth and hypocotyl and leaf size measurements
Seeds were sterilized in 30% bleach and 0.02% Triton X-100 and plated on germination medium. Plates were incubated at 4°C for 4 days and then given Wc for 1-3 h. After the Wc treatment, plates were kept in darkness for 24 h before the light treatment. Rc and FRc were produced using either fluorescent tubes plus filters as described previously (Parks end Quail, 1993) or light-emitting diode light sources (Quantum Devices, Barneveld, Wl). For hypocotyl measurements, light treatments were stopped after 4 days of growth at 22°C from the onset of the initial Wc treatment. Leaf size was measured after plant growth for 12-18 days under Wc.
DNA extraction and PCR analysis
Plant DNA was extracted from seedlings grown under Wc as described by Edwards et el. (1991) . Primers used for PCR analysis are 5'-CACGGATAGAAGCTATAGGA-3' derived from the internal phyC coding region and 5'-TCGACGGATCCCCGATCTAGT-3' derived from the NOS poly(A) addition sequences of pMON316. PCR amplification was done with 40 cycles of 94°C for 1 min, 55°C for 1 min and 72°C for 2 min.
Protein extraction
Protein extracts were prepared essentially as described by Pratt etal. (1991) with the following modifications. Seedlings were harvested after growth under Rc for approximately 7 days. To every gram of fresh tissue, 1 ml of 2 × extraction buffer (0.1 M Tris-HCI, 0.14 M (NH4)2SO 4, 10 mM ethylenediaminetetraacetate (EDTA) and 50% ethylene glycol, pH 8.3 (4°C)) was added. Additional protease inhibitors, aprotenin, pepstatin and leupeptin were added to 1 pg m1-1 in the extraction buffer. After the tissue was ground to homogeneity, 1 vol 10% (v/v) poly(ethylenimine) was added to every 100 vol cell lysate. The lysate was then mixed for 1 min and centrifuged for 20 min at 25 000 9'. The supernatant was fi{tered through a layer of Miracloth and mixed with ammonium sulfate at 95% saturation containing 10 mM iodoacetamide to a final concentration of 36% saturation. The mixture was left on ice for 30 min and then centrifuged as above. The pellet was dissolved in 1/20 of the original volume in the resuspension buffer (50 mM Tris-HCI, 5 mM EDTA, 10 mM iodoacetamide, 25% (v/v) ethylene glycol, pH 7.8 (4°C)). A small aliquot was saved for Bradford assay (Bradford, 1976) for determining the protein concentration and the rest was mixed with an equal volume of SDS-PAGE loading buffer (Laemmli, 1970) immediately. All the steps after tissue harvesting were performed in dim green safe light.
Immunochemical detection and quantification of phytochrome
Protein extracts of 50-75 mg were separated by SDS-PAGE and blotted onto nitrocellulose membranes. Subsequent immunological detection of phytochrome was as described previously (Wagner et aL, 1991) . Single monoclonal antibodies 073D and B6-B3 which are specific to phyA and phyB, respectively, were used for the detection of individual phytochromes. For the detection of phyC, a pool of three monoclonal antibodies C1-1, Cl1-1 and C13-1 was used (Somerset aL, 1991). Estimation of the phyC level in the transgenic line (COX-l) used in this study was done by visual inspection of the band intensities of No-O and a dilution series of COX-1 (data not shown).
